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À	 minha	 co-orientadora	 não-oficial	 e	 amiga,	 Joana.	 Obrigada,	 Joana!	 Pela	
paciência,	pelos	ensinamentos,	pelos	rolares	de	olhos	e	pelas	gargalhadas.	Obrigada	pelos	
brainstorms	 e	 obrigada	 pelos	 “TPCs”.	 Obrigada	 por	 saberes	 quando	 apertar	 comigo	 e	
quando	deixar	andar.	Obrigada	por	tudo.	Esta	tese	é	muito	graças	a	ti.		
Ao	 André,	 a	 pessoa	 que	 me	 deu	 a	 conhecer	 o	 amplificador,	 as	 pipetas	 e	 os	
eléctrodos.	Mais	 que	 isso,	 a	 pessoa	que	 todos	os	 dias	 trouxe	um	 sorriso	 consigo	para	 o	





























































































5.1.2.3.	 Is	 the	 voltage	 dependence	 of	 Steady-State	 Inactivation	 impared	 in	
Neuropathic	Chronic	Pain?	...........................................................................................	75	































































pacientes.	 Uma	 das	 formas	 mais	 incapacitantes	 da	 dor	 crónica	 é	 a	 dor	 neuropática,	
resultante	de	lesões	nos	nervos	sensoriais.	Existem	muitas	outras	etiologias	de	dor	crónica	
como	 por	 exemplo	 a	 inflamatória	 (artrite	 reumática)	 e	 a	 neuropática	 diabética.	 Em	 dor	
crónica,	 os	 doentes	 sofrem	 de	 hiperalgesia	 (reação	 exagerada	 a	 um	 estímulo	 doloroso),	



















uma	 atividade	 aumentada	 em	pacientes	 com	dor	 crónica,	 e	 por	 isso	 serão	 o	 foco	 desta	
dissertação.		
Na	presença	de	estímulos	capazes	de	produzir	dor	(ou	seja,	cuja	magnitude	é	superior	







dos	 canais	 de	 K+	 induz	 a	 atividade	 espontânea	 em	 fibras	 sensoriais	 periféricas,	 cuja	
hiperexcitabilidade	em	estados	de	dor	crónica	coincidiu	com	a	sua	regulação	negativa.	Assim,	
a	 supressão	 da	 condutância	 de	 K+	 pode	 representar	 uma	 condição	 geral	 de	 um	 nervo	
'doloroso'.	A	diminuição	da	atividade	dos	canais	de	K+	ativados	por	voltagem	faz	parte	de	um	
mecanismo	 geral	 para	 a	 hiperneuroexcitabilidade	 periférica	 em	 dor	 crónica,	 e	 que	
potenciadores	destes	canais	podem	significar	um	melhoramento	desta	doença.		
O	 objetivo	 do	 trabalho	 experimental	 foi	 a	 elucidação	 dos	 mecanismos	 comuns	 e	
específicos	de	dor	crónica	com	origem	neuropática	e	inflamatória	em	modelos	de	ratos.	A	













(para	 CCI)	 e	 de	 2	 semanas	 (para	 CFA),	 os	 ratos	 foram	 sacrificados	 por	 decapitação	 após	
anestesia	 com	 pentobarbital	 para	 análise	 dos	 neurónios	 DRG	 de	 pequeno	 diâmetro	 por	
eletrofisiologia.		
No	modelo	neuropático	CCI,	os	ratos	modelo	desenvolveram	hiperalgesia	durante	o	
curso	 da	 experiência	 mantendo-a	 sempre	 abaixo	 dos	 respetivos	 controlos.	 No	 modelo	
inflamatório	 CFA	 foi	 observada	 inicialmente	 uma	maior	 sensibilidade	 após	 a	 indução	 do	
modelo,	 evoluindo	 para	 uma	 recuperação	 total	 da	 sensibilidade	 no	 final	 do	 tempo	 do	
modelo.		
Resultados	 de	whole-cell	 voltage-clamp	 demonstram	 que	 a	 dor	 crónica	 altera	 as	
propriedades	 biofísicas	 das	 correntes	 dos	 canais	 de	 K+	 ativados	 por	 voltagem.	
Especificamente,	ambos	os	modelos	CCI	e	CFA	partilham	um	mecanismo	relativo	à	redução	
da	componente	rápida	das	correntes	de	K+.		
O	 modelo	 de	 dor	 crónica	 neuropática	 mostra	 ainda	 um	 mecanismo	 específico	
subjacente	 de	 aumento	 da	 componente	 lenta	 das	 correntes	 de	 K+.	Os	 ensaios	 proteicos	
revelaram	uma	expressão	aumentada	de	Kv1.3	(uma	isoforma	de	canais	de	K+	ativados	por	
voltagem),	a	qual	aparenta	ser	responsável	por	este	aumento	da	componente	lenta.	
O	modelo	de	dor	 crónica	 inflamatória	mostra	uma	alteração	específica	 relativa	 a	






Os	 resultados	 conseguidos	 durante	 esta	 tese	 de	 mestrado	 trouxeram	 novos	
conhecimentos	 para	 a	 validação	 de	 alvos	 dor	 moleculares	 terapêuticos	 e	 para	 a	









are	 only	 partially	 effective.	 This	 condition	 often	 results	 in	 poor	 sleep,	 depression	 and	
anxiety,	 between	 other,	 which	 highly	 impair	 patients’	 quality	 of	 life.	 One	 of	 the	 most	
disabling	 forms	of	 chronic	 pain	 is	 called	neuropathic	 pain,	which	 results	 from	 injuries	 to	
sensory	nerves.	Pain	or	discomfort	is	felt	in	response	to	non-painful	stimuli.	Chronic	pain	is	
difficult	 to	 treat	 as	 currently	 we	 do	 not	 fully	 understand	 the	 associated	 molecular	
mechanisms.	
Stimulating	 a	 nerve	 above	 the	 threshold	 of	 activation	 causes	 it	 to	 produce	 action	
potentials.	Neurotransmission	follows	action	potentials	which	are	generated	by	ions	moving	
into	 and	 out	 of	 the	 neuronal-membrane	 through	 voltage-gated	 ionic	 channel.	 	 Voltage-
gated	 sodium	 and	 potassium	 channels	 (Nav	 and	 Kv,	 respectively)	 are	 critical	 to	 the	








diameter	 dorsal	 root	 ganglia	 (DRG)	neurons	 are	 found	 to	have	 an	 augmented	 activity	 in	





The	 goal	 of	 the	present	work	was	 to	 elucidate	 shared	 and	 specific	mechanisms	of	
neuropathic	and	 inflammatory	chronic	pain	 involving	K+	 channels,	using	pain	 rat	models.	
Understanding	 the	mechanistic	 basis	 of	 ion	 channel	malfunction	 in	 terms	 of	 trafficking,	
localization,	biophysics,	and	consequences	for	neurotransmission	is	a	potential	route	to	new	
pain	therapies.	Specifically,	we	studied	the	biophysics	of	voltage	activated	K+	currents	and	
underlying	 Kv	 channels	 in	 small	 diameter	 DRG	 neurons	 and	 determine	 routes	 of	
pharmacological	modulation	of	these	currents	as	a	strategy	for	new	analgesic	drug	design.	
Knowing	 that	 chronic	 pain	 can	 have	 several	 etiologies,	 this	 project	 focused	 on	
chronic	pain	of	neuropathic	and	inflammatory	origin,	based	on	rat	models	of	pain.	Chronic	
neuropathic	pain	was	studied	based	on	Chronic	Constriction	Injury	(CCI)	,	which	is	based	on	
the	 chronic	 constriction	 of	 the	 rat	 sciatic	 nerve	 through	 four	 loose	 ligation	 Chronic	
inflammatory	pain	was	studied	through	the	induction	of	monoarthritis	in	the	knee	of	the	rat	
by	 the	 injection	 of	 a	 substance	 that	 activates	 the	 immune	 system:	 Complete	 Freund's	
Adjuvant	(CFA).	
The	 pain	 models	 were	 followed	 with	 behavioral	 tests	 that	 included	 the	
measurement	of	mechanical	sensitivity	and	vertical	activity.	After	4	weeks	(for	the	CCI)	and	
2	 weeks	 (for	 the	 CFA	 model),	 rats	 were	 sacrificed	 and	 their	 DRG	 removed	 aiming	 the	
electrophysiological	analysis	from	small	diameter	DRG	neurons.	
In	 the	neuropathic	 CCI	model,	 the	model	 rats	 developed	hyperalgesia	during	 the	
experiment,	 keeping	 their	 threshold	 for	 pain	 below	 the	 respective	 controls.	 In	 the	
inflammatory	CFA	model,	a	greater	sensitivity	was	observed	by	the	third	day	after	model	
induction,	progressing	to	a	full	recovery	of	sensitivity	at	the	end	of	the	model	time.	




The	 neurons	 from	 the	 CCI	 pain	model	 also	 showed	 a	 specific	 current	 output:	 an	
increase	of	current	density	of	the	slow	K+	current	component	(Islow).	Western-blot	protein	
assays	revealed	over	expression	of	Kv1.3,	which	may	be	responsible	for	this	increase	in	Islow.		






Taken	 together,	 the	 data	 reveals	 mechanisms	 underlying	 increases	 in	
neuroexcitability	which	 lead	 to	neuronal	 hyperactivity	 and	hyperalgesia.	 The	 results	 also	




The	 results	 obtained	 during	 this	master's	 thesis	 bring	 new	 knowledge	 about	 the	






















sensation,	 even	 in	 the	 absence	of	 a	 demonstrable	 tissue	 injury,	 sustaining	 a	well-known	
aphorism:	"Pain	is	when	the	patient	says	it	hurts"	(McCaffery	&	Beebe	1989).	Lack	of	the	
ability	to	experience	pain	as,	for	instance,	in	the	rare	congenital	 insensitivity	to	pain	with	




















1.1.1. NOXIOUS	 STIMULI,	 RECEPTORS	 AND	 PAIN	 PERCEPTION	
ASCENDING	PATHWAY	





strength	 depolarizes	 the	 nociceptor	 membrane.	 The	 specific	 receptive	 properties	 of	
nociceptors	are	determined	by	their	expression	of	transducing	ion-channel	receptors	(Fein	
2012).	 These	 ion	 channels	 are	 nonselective	 potassium	 or	 sodium	 channels	 gated	 by	
temperature,	 chemical	 stimuli,	 or	 mechanical	 shearing	 forces	 rather	 than	 by	 voltage.	
Activation	 of	 the	 channels	 by	 an	 appropriate	 stimulus	 leads	 to	 an	 inward	 current	 that	
depolarizes	the	receptor	membrane	(Julius	&	Basbaum	2001).	If	this	depolarizing	current	is	














irritating	 nerve	 endings.	 These	 chemical	 mediators	 include	 histamine,	 substance	 P,	
bradykinin,	acetylcholine,	 leukotrienes,	and	prostaglandins.	These	mediators	can	produce	
other	 reactions	 at	 the	 site	 of	 injury,	 such	 as	 vasoconstriction,	 vasodilatation,	 or	 altered	







the	 future	 through	 the	 formation	 of	memory	 (Holden	 &	Winlow	 1984).	 In	 this	 context,	
specificity	 is	not	 imperative	 (Schaible	2007).	Most	high-threshold	 receptors	 respond	 to	a	
variety	 of	 thermal,	 chemical	 and	 mechanical	 stimuli	 and	 are	 defined	 as	 polymodal	
nociceptors.	
Recently,	 cell	 ablation	 studies	 using	 the	 Cre-loxP	 system	 (Sauer	 1987)	 have	
demonstrated	 that	 distinct	 sensory	 subpopulations	 underlie	 distinct	 pain	 modalities,	
distinguishing	mechanical	and	thermal	pain	(Abrahamsen	et	al.	2008;	Mishra	et	al.	2010).	






Nociceptors	 have	 a	 certain	 threshold	 of	 activation	 (minimum	 intensity	 of	
stimulation)	they	require	to	transduce	a	given	signal.	If	the	stimuli	is	strong	enough	to	reach	





Figure	 1	 Nociceptor 	 Diversity	 There	 are	 a	 variety	 of 	
nociceptor 	subtypes	that	express	unique	repertoires	of 	
transduction	 molecules	 and	 detect	 one	 or	 more 	
stimulus	 modalities.	 For	 example,	 heat-sensitive 	
afferents	 express	 TRPV1	 and	 possibly	 other,	 as	 yet 	
unidentified	 heat	 sensors;	 the	 majority 	 of 	 cold-
sensitive	 afferents	 express	 TRPM8,	 whereas	 a	 small 	
subset	 likely	 express	 an	 unidentified	 cold	 sensor. 	
Polymodal	 nociceptors	 also	 express	 chemoreceptors	
(e.g .	 TRPA1)	 and	 one	 or	 more	 as	 yet	 unidentified 	
mechanotransduction	 channels. 	 These	 fibers	 also 	
express	a	host	of 	sodium	channels	(such	as	NaV	1.8	and 	
1.9)	and	potassium	channels 	(such	as	TRAAK	and	TREK-
1)	 that	 modulate	 nociceptor	 excitability	 and/or 	
















that	 transduce	 external	 stimuli.	 The	 interneurons	 transmit	 the	 signal	 from	 the	 afferent	
neurons	 to	 the	 central	 nervous	 system,	 and	 are	 the	 link	 between	 afferent	 and	 efferent	
neurons.	Finally,	there	are	efferent	neurons	whose	function	is	to	transmit	the	signal	from	
the	central	nervous	system	to	the	effector	organ	(Ludwig	&	Pittman	2003).	
Communication	 between	 neurons	 is	 largely	 aided	 by	 the	 existence	 of	 clusters	 –	
nerve	 cords	–	of	 axons	 linked	 together.	 This	way,	 the	 cells	 are	 in	high	proximity	of	each	
other,	which	enables	faster	and	efficient	communication:	this	is	denominated	centralization	
(Margrie	&	Urban	2007).	In	this	context,	DRG	are	clusters	of	cell	bodies	of	neurons	that	give	
rise	 to	 the	 first-order	 neurons	 that	 innervate	 regions	 of	 the	 body,	 which	 aids	 fast	
communication.		
The	nerve	 fibers	within	a	nerve	 include	both	afferent	nerves	and	efferent	 (motor	
and	autonomic)	nerves	 (von	Kitzing	et	al.	1994).	The	afferent	nerve	 fibers	 innervate	and	
communicate	 with	 the	 dorsal	 side	 of	 the	 spinal	 cord	 i.e.,	 the	 dorsal	 horn	 and	 thus	






The	 myelin	 sheath	 has	 a	 great	 amount	 of	 cytoplasm	 compacted	 which	 accelerates	 the	
propagation	 of	 the	 signal	 through	 saltatory	 conduction,	without	 the	 enlargement	 of	 the	
axon.	 In	 the	 areas	 of	 the	 axon	 unmyelinated,	 the	 membrane	 is	 relatively	 thin,	 so	 the	
attraction	 force	 between	 cations	 outside	 the	 membrane	 and	 the	 anions	 inside	 the	












and	 medium-diameter	 fibers	 and	 thus	 cell	 bodies,	 are	 the	 fibers	 that	 contribute	 to	
nociception	(Fein	2012;	Djouhri	&	Lawson	2004).	There	are	many	differences	between	the	
two	types	of	fibers,	but	the	one	that	stands	out	the	most	is	the	presence/absence	of	a	myelin	























Figure	 4	 Primary	 afferent	 pathways	 and	 their	 connections	 in	 the	 spinal	 cord	 dorsal	 horn.	Nociceptive	 C-fibers	
(red)	 terminate	 at	 spinothalamic	 projection	 neurons	 in	 upper	 laminae	 (orange	 neuron),	 whereas	 myelinated	 A-
fibers	(blue)	project	to	deeper	laminae.	Adapted	from	(Baron	2006).	
The	first-order	neurons	from	C	fibers	synapse	with	the	secondary	sensory	neurons	
at	 the	 dorsal	 horn	 of	 the	 spinal	 cord,	 releasing	 neurotransmitters	 such	 as	 glutamate	 or	
substance	P	(Basbaum	et	al.	2009).	As	described	by	Purves	D,	Augustine	GJ,	Fitzpatrick	D,	
2001,	 once	 within	 the	 dorsal	 horn,	 the	 C-fibers	 send	 branches	 to	 innervate	 neurons	 in	
Rexed's	lamina	I	and	lamina	II,	while	the	Aδ-fibers	terminates	in	the	lamina	II	and	V	(Dib-Hajj	
et	al.	2012;	Fukuoka	&	Noguchi	2011).	Finally,	the	large	mechanosensor	fibers	sprout	to	the	
laminae	 III	 and	 V	 of	 the	 dorsal	 horn	 (Belkouch	 et	 al.	 2014).	 The	 information	 is	 then	
transmitted	to	second-order	neurons	that	cross	over	the	spinal	cord	and	ascend	all	the	way	
to	the	brainstem	and	thalamus	in	the	anterolateral	quadrant	of	the	contralateral	half	of	the	
spinal	 cord	 (see	 Figure	 2Error!	 Reference	 source	 not	 found.).	 There,	 the	 second-order	
neuron	then	synapses	with	a	third-order	neuron	in	the	medial	and	ventrobasal	nuclei	of	the	
thalamus	 by	 releasing	 neurotransmitters.	 This	 third-order	 neuron	 synapes	 with	 the	
somatosensory	 cortex	 of	 the	 brain	 which	 locates	 the	 injured	 area	 of	 the	 body	 and	
10	
	












The	 intensity	 of	 chronic	 pain	 has	 little	 relation	 to	 initial	 tissue	 damage	 or	 subsequent	
pathology	as	psychological	and	social	factors	seem	to	have	great	influence	(Kendall	1999).		
Chronic	pain	 is	a	heterogeneous	disease	 in	terms	of	 its	etiology,	mechanisms	and	
temporal	properties	 (Russo	MD	&	Brose	MD	1998;	Azevedo	et	al.	2012).	The	three	main	
etiologies	 for	 chronic	 pain	 are	 presented	 in	 the	 following	 sections.	 Understanding	 the	
cellular	mechanisms	underlying	chronic	pain	 is	a	critical	 step	 in	 the	development	of	new	
therapies.		
Abnormally	amplified	signals	in	the	central	nervous	system	due	to	wind	up	in	central	
sensitization	 (which	 is	 an	 increased	 sensitivity	 of	 spinal	 neurons)	 cause	 primary	 and	
secondary	hyperalgesia	(an	exaggerated	sensation	to	a	painful	stimuli	at	the	site	of	the	injury	
and	 surroundings,	 respectively)	 and	 allodynia	 (perception	 of	 pain	 in	 response	 to	 a	 non-
painful	stimuli)	 (Tsantoulas	&	McMahon	2014;	Russo	MD	&	Brose	MD	1998;	Campbell	&	


















care.	 Among	 rheumatoid	 arthritis	 patients,	 68-88%	 rate	 pain	 as	 one	 of	 their	 top	 three	
priorities	(Turk	et	al.	2004).	Local	 inflammatory	pain	may	appear	 in	the	absence	of	nerve	
trauma,	 as	 in	 the	 patients	 with	 low	 back	 pain	 or	 postherpetic	 neuralgia,	 which	 is	 a	
complication	of	shingles,	caused	by	the	chickenpox	virus	(Abrahamsen	et	al.	2008).	
Inflammatory	 pain	 results	 from	 the	 sensitization	 and	 activation	 of	 peripheral	
nociceptors	by	inflammatory	mediators	that	accumulate	in	damaged	tissue.	The	action	of	




1.2.4. CELLULAR	 MECHANISMS	 OF	 PAINFUL	 DIABETIC	
NEUROPATHY	
Peripheral	 diabetic	 neuropathy	 is	 characterized	 by	 diffuse	 or	 focal	 damage	 of	
somatic	 or	 autonomic	 peripheral	 nerve	 fibers,	 resulting	 from	 diabetes	 mellitus	 (Iyer	 &	
Tanenberg	 2013).	 One	 of	 the	 most	 prominent	 features	 of	 diabetic	 neuropathy	 is	 the	
development	of	spontaneous	pain,	typically	in	the	extremities,	presenting	as	allodynia	and	
hyperalgesia	(Tesfaye	&	Kempler	2005),	as	it	results	from	the	atrophy	and	loss	of	myelinated	



























depends	 on	 two	 factors:	 (1)	 the	 ease	 with	 which	 ions	 can	 pass	 through	 the	 channel	 –	


















Kv	 channels	 have	 several	 important	 characteristics	 as	 they	 are	 highly	 restricted	
locations	 in	 axons,	 show	 diverse	 mechanisms	 of	 clustering,	 and,	 importantly,	 they	
contribute	 to	 neuronal	 excitability	 through	 setting	 the	 resting	 membrane	 potential	 and	
spike	interval	(Misonou	2010;	Nashmi	&	Fehlings	2001).	In	excitable	cells,	Kv	channels	are	
involved	 in	 the	 stabilization	of	 the	membrane	potential,	 since	 they	 converge	 the	 resting	
membrane	potential	to	the	K+	equilibrium	potential,	 lowering	it,	and	therefore	keeping	it	
away	from	the	action	potential	firing	threshold	(Bosma	&	Hille	1992).	Hence,	they	are	critical	
to	 neuroexcitability.	 Not	 only	 they	 establish	 the	 resting	 potential	 but	 also	 keep	 the	
depolarization	 in	 the	 action	 potential	 short,	 are	 involved	 in	 shortening	 periods	 of	 high	




and	 the	 electrochemical	 gradient	 of	 ions	 across	 the	 cell	membrane	 (Yellen	 2002;	Miller	



















DRG.	 Among	 the	 Kv1	 channel	 family,	 the	 most	 abundantly	 expressed	 channels	 in	 DRG	
neurons	are	Kv1.1,	Kv1.2	and	Kv1.4	(Yang	et	al.	2004;	Rasband	et	al.	2001;	Kim,	Choi,	Rim,	
Cho,	et	al.	2002;	Vydyanathan	et	al.	2005).	Of	these,	Kv1.4	appears	to	be	the	most	abundant	
Kv	 isoform	 in	 DRG	 neurons	 as	most	 small	 diameter	 DRG	 Kv1.4-positive	 neurons	 do	 not	
detectably	express	other	Kv1	subunits	(Wells	et	al.	2007).	
Corroborating	with	 Kv1.4	 high	 proportion	 to	 other	 isoforms,	 small-diameter	DRG	
neurons	predominantly	express	an	A-type	K+	current	whose	properties	correspond	well	with	
those	expected	for	homotetrameric	Kv1.4	channels	(Sigworth	1994).	
Not	 disregarding	 the	 presence	 of	 other	 Kv1	 isoforms,	 Kv1	 family	 channels	 are	









excitation	 by	 neighboring	 neurons	 (Frank	 et	 al.	 2005),	 producing	 inappropriate	 impulse	
activity	that	may	underlie	abnormal	sensations.	
The	contribution	of	K+	 channels	 in	pain	 signalling	has	been	undervalued	over	 the	
years,	as	research	has	been	mainly	focused	on	studying	Na+	and	Ca2+	channels.	However,	
emerging	data	has	highlighted	that	nerve	injury	or	inflammation	alters	K+	channel	activity	in	











suppression	 of	 Kv1.4	 channels	 (Yoshimura	 &	 Groat	 1999),	 which	 suggests	 these	 A-type	
Figure	5 	Examples	of	mechanisms	of	nerve	 injury 	–	 induced	 inhibition	of	K+ 	 channel	expression .	 Under	 normal 	
physiological 	circumstances,	the	activities 	of 	Kv	channels 	limits 	the	firing 	of	afferent	fibers 	(top	left). 	 In	response	
to	 nerve	 injury	 BDNF	 activates	 TrkB	 receptors,	 which	 then	 regulate	 the	 expression	 of	 Kv	 channels	 at	 the	





channels	 are	 a	major	determinant	of	 C	 fiber	 excitability.	 This	 is	 of	 particular	 importance	
when	considering	pharmacological	treatment	of	pain.	An	alternative	to	reducing	nociceptor	
excitability	 through	 blockade	 of	 action	 potential	 depolarization	may	 lie	 in	 enhancing	 or	
prolonging	activity	of	Kv1.4.	This	might	be	accomplished	by	 interfering	with	the	ball-and-
chain	 N-type	 inactivation	 (explained	 below	 at	 section	 1.3.8)	 that	 among	 Kv1	 subunits	 is	
unique	to	Kv1.4	(Wells	et	al.	2007).		
It	has	also	been	shown	that	Kv1.3	is	present	in	DRG	nociceptive	neurons,	which	is	a	
channel	 partly	 responsible	 for	 the	 slowly	 inactivating	K+	 current.	 This	 channels	 has	been	
shown	 to	 be	 downregulated	 in	whole	 lysates	 of	 DRG	 (Yang	 et	 al.	 2004)	 in	 sciatic	 nerve	
transection	 chronic	 pain	 model.	 Also,	 Abdulla	 and	 Smith	 (2001)	 observed	 a	 significant	














subunit	 and	 functionality	 requires	 four,	 hence	 Kv	 channels	 present	 a	 homotetrameric	
structure	(with	all	α-subunit	being	identical)	(Grizel	et	al.	2014).	The	transmembrane	domain	






with	 unsolvated	 K+.	 This	 way	 the	 passage	 of	 a	 Na+	 through	 the	 channel	 is	 energetically	
unfavorable	because	the	Na+	is	too	small	for	optimal	interaction	with	the	carbonyl	groups.		
Figure	 6 	 Secondary,	 tertiary	 and	 quaternary 	 structure 	 of	 Kv 	 channels. 	 A. 	 Scheme	of	 a 	 single	 α-subunit 	 of	 a 	 Kv	
channel:	Transmembrane	segments	 S1–S6	and	pore-forming 	P-region	are	marked.	Charged	Arg	 of	 the	membrane	
voltage	sensor	S4	are	marked	with	“+”	signs.	B. 	Crystal	structure	of	a	single	α-subunit: 	S1–S6	segments,	cytoplasmic	
domain	T1,	l inker	connecting	the	transmembrane	portion	with	the	T1	domain	(T1–S1), 	as 	well	as	N-	and	C-termini 	
are	 marked.	 Charged	 Arg	 residues	 of	 the	 membrane	 voltage	 sensor 	 S4	 are	 indicated	 by	 blue	 circles.	 C.	 Crystal 	
structure	of	the	Kv1.2 	channel 	in	a 	complex	with	the	β-subunit 	(grey).	D. 	Upper	and	Lower 	gates.	Only	two	opposite	

































The	 selectivity	 filter	 is	 in	 near	 proximity	 to	 the	 S4	 transmembrane	 domain,	
20	
	
which	 is	the	voltage	sensor.	 Its	cationic	properties	are	due	to	 its	high	arginine	and	 lysine	
amino	acids	residue	constitution.	At	rest,	this	positively	charged	domain	is	attracted	to	the	



















C-terminus	 often	 carries	 motifs	 for	 channel	 modulation	 other	 than	 voltage,	 such	 as	
phosphorylation	and	Ca2+	binding	(Robbins	2001).	In	cases	of	prolonged	depolarization,	the	
pore	closes,	preventing	the	entry	of	ions	(Leung	2012).	The	channels	completely	return	to	






Early	 electrophysiological	 characterization	of	DRG	neurons	 revealed	 two	 types	of	





be	 identified	 and	 these	 differ	 between	 the	 sensory	 neuron	 types.	 Criteria	 for	 their	
identification	 include	 rapid	 activation	 and	 inactivation,	 dependence	 on	 the	 holding	
potential,	and	sensitivity	to	both	4-AP	and	DTx	(Wu	&	Barish	1992).	For	instance,	Ifast	currents	
can	 be	 dissected	 from	 the	 sustained	 current	 using	 two	 different	 prepulse	 voltages	with	
identical	stimulation	pulse	protocols	(Everill	et	al.	1998).		
Figure	 7	 shows	 current	 families	 found	 in	 all	 DRG	 neurons	 from	 L4-L5	 ganglia	
recorded	at	voltages	between	−40	and	+50	mV	after	a	500	ms	conditioning	prepulse	to	−120	
mV	or	to	−40	mV.		















This	 cell	 type	 manifested	 ≥3	 distinct	 components	 of	 current.	 B1–B2:	 this	 cell	 type	 has	 a	 large	 amount	 of	 fast	
inactivating	component	in	its	complement	of	currents.	C1–C2:	cell	type	that	lacks	the	fast	inactivating	component	
but	has	a	slower	inactivating	voltage-activated	component	sensitive	to	the	conditioning	potential.	Lower	scale	bars	
relate	 to	 subtractions	 only	 (subtractions	 are	 enlarged	 for	 clarity	 of	 comparison).	 These	 are	 typical	 traces	 taken	
from	the	mean	of	each	group.	Reproduced	from	Everill	et	al.	1998.	
	
Functional	 investigations	 pointed	 out	 that	 Ifast	 is	 typically	 involved	 in	 setting	 the	








physiology	 underlying	 nociception	 and	 pain	 (Mogil	 et	 al.	 2010).	 Rat	 models	 result	 in	
nociceptive	 sensitization	 similar	 to	 the	key	 components	of	 those	experienced	 in	humans	
(Barrett	2015).	The	use	of	rodents	to	study	chronic	pain	is	also	adequate	because	drugs	that	
shown	 some	 efficacy	 in	 chronic	 pain	 patients	 have	 also	 demonstrated	 activity	 in	 animal	
models	of	pain	(Li	et	al.	2015).	
The	rat	behaviour	 in	 response	to	noxious	stimuli	can	be	consistently	and	objectively	
scored	 through	 different	 tests.	 However,	 the	 most	 reliable	 and	 commonly	 scored	
behaviours	 are	 simple	 reflexes	 or	 innate	 responses	 (such	 as	 paw	 withdraw,	 linking	 the	
sensitized	zone,	tail	flick)	(Mogil	et	al.	2010).	
	
1.4.1. NEUROPATHIC	 PAIN:	 CHRONIC	 CONSTRICTION	 INJURY	
(CCI)	
Neuropathic	pain	models	rely	on	cutting,	stretching	or	compressing	the	nerve	and	
therefore,	 rely	 on	 a	 surgical	 approach	 (Mogil	 2009).	 Following	 traumatic	 nerve	 injury	
spontaneous	 activity	 develops	 initially	 in	 myelinated	 and	 subsequently	 in	 unmyelinated	
sensory	 axons	 (Kajander	 et	 al.	 1996;	 Austin	 et	 al.	 2012).	 The	 onset	 of	 this	 spontaneous	
activity	is	associated	with	the	emergence	of	pain-related	sensory	changes	in	animal	models	
(Nashmi	&	Fehlings	2001).	
One	 of	 the	 most	 usual	 neuropathic	 pain	 model	 used	 in	 rodent	 is	 the	 chronic	
constriction	 injury	(CCI)	 in	which	the	sciatic	nerve	 is	constricted	with	four	 loose	 ligations.	
















Guan	 et	 al.	 2005).	 However,	 single-dose	 CFA	 injections	 in	 previous	work	were	 primarily	











1.4.3. NEUROPATHIC	 PAIN:	 PAINFUL	 DIABETIC	 NEUROPATHY	
(PDN)	
In	order	to	induce	Painful	Diabetic	Neuropathy	(PDN),	streptozotocin	(STZ)	has	been	
largely	 used	 as	 an	 experimental	 paradigm	 for	 its	 great	 stability	 and	 relative	 lack	 of	
extrapancreatic	toxicity	(Sik	Nam	et	al.	2014).	STZ	indirectly	activates	an	apoptotic	program	
that	destroys	pancreatic	β-cells	and	all	the	cells	expressing	the	GLUT2	transporter	(Wattiez	





The	area	 tested	 is	 the	mid-plantar	 surface	of	 the	hind	paw	 (Figure	9),	which	 falls	





paw	 sensitivity	 to	 mechanical	 stimuli	 across	 different	 treatment	 options,	 and	 between	
different	strains	of	rats.	
It	 should	be	noted	 that	other	behavioural	 assays,	 such	as	 the	pin	prick	 test,	 cold	










development	 of	 new	 analgesics	 since	 its	 activity	 is	 involved	 in	 the	 processing	 of	 pain	
perception,	which	is	exacerbated	in	chronic	pain	situations.	A	most	promising	therapeutic	
approach	 for	 chronic	 pain	 is	 to	 reduce	 neuronal	 hyperexcitability	 that	 occurs	 in	 this	
condition,	which	can	be	done	by	altering	the	current	of	the	main	ion	channels	that	modulate	








neurons	that	have	direct	 relevance	to	 the	study	of	chronic	pain.	 In	particular,	 I	aimed	to	
study	 the	 biophysics	 and	 pharmacology	 components	 of	 the	 currents	 that	 are	 directly	
involved	in	chronic	pain	process.	Therefore,	the	overall	goal	of	the	present	dissertation	was	
to	study	alterations	in	Kv	channel	mediated	currents	in	small	DRG	neurons	from	rat	models	
of	 neuropathic	 (CCI	 of	 the	 sciatic	 nerve	 and	 STZ-induced	 PDN)	 and	 inflammatory	 (CFA-
induced	monoarthritis)	chronic	pain.	
More	specifically,	this	study	aimed	to:		
1. Optimize	and	validate	 chronic	neuropathic	and	 inflammatory	pain	models	
through	behavior	tests,	specifically	with	the	quantification	of	mechanical	hyperalgesia;	









and	 expression	 of	 Kv	 channels	 in	 small	 DRG	 neurons	 following	 neuropathic	 and	







In	 the	 present	 work	 were	 used	 male	 and	 female	 Wistar	 rats	 with	 ages	
comprehended	 between	 60	 and	 180	 days.	 Three	 conditions	 have	 been	 studied	 –	 naïve	














3.1.1. NEUROPATHIC	 PAIN	 MODEL:	 CHRONIC	 CONSTRICTION	
INJURY	(CCI)	OF	THE	SCIATIC	NERVE	–	CCI	PAIN	MODEL	








access	 of	 the	 nerve,	 retractors	were	 used.	 Four	 chromic	 gut	 (4.0,	 Catgut	 Chrom®)	 loose	
ligations	were	 tied	 at	 the	mid-thigh	of	 the	nerve.	 Suture	of	muscle	was	performed	with	
29	
	









3.1.2. INFLAMMATORY	 PAIN	 MODEL:	 COMPLETE	 FREUND’S	


















2013)	 diluted	 in	 saline	 solution.	 Within	 72h	 of	 injection,	 rats	 become	 hyperglycemic,	
30	
	















performed	 between	 2	 and	 5	 p.m.	 at	 the	 same	 weekday,	 for	 the	 entire	 course	 of	
establishment	of	the	pain	models.	
3.2.1. SPONTANEOUS	PAIN	







The	 baseline	 was	 measured	 for	 the	 three	 days	 prior	 to	 the	 procedure.	
Measurements	were	also	performed	on	the	3rd,	7th,	14th	(for	CFA	and	for	CCI),	21st	and	28th	





Mechanical	 nociceptive	 thresholds	 were	 assessed	 using	 calibrated	 von	 Frey	






Figure	10	Behavioural	 cage	with	4	Wistar	 rats	during	habituation	period	and	von	Frey	 filament	 stimulation	 for	
mechanical	 sensitivity.	During	 the	 first	 two	minutes	 of	 habituation,	 before	 the	mechanical	 hyperalgesia	 testing,	
the	 number	 of	 vertical	 rearings	 in	 the	 open	 field	 of	 the	 behavioural	 cage	 was	 quantified,	 which	 consists	 in	 the	






































an	 additional	mechanical	 trituration	was	 performed	with	 an	 even	 smaller	 diameter	 fire-
polished	 Pasteur	 pipette;	 1.5	 mL	 of	 Krebs	 dissociation	 solution	 was	 added	 to	 the	 cell	
suspension	which	was	centrifuged	for	5	minutes	at	2000	rpm	at	room	temperature.	






Membrane	 currents	 were	 recorded	 in	whole-cell	 voltage-clamp	 configuration	 in	
isolated	 small	DRG	neurons,	 at	 room	 temperature	 (20-24°C),	bathed	 in	external	 solution	
(NaCl	135mM;	KCl	5.4mM;	CaCl2	2mM;	MgCl2	2mM;	HEPES	10mM;	D(+)-glucose	25mM;	pH	




(Science	 Products	 GmbH,	 GB150T-8P)	 from	 borosilicate	 glass	 tubes	 (Science	 Products	
GMBH)	were	filled	with	internal	solution	(KF	140mM;	MgCl2	1mM;	Na1/2-HEPES	10mM;	EGTA	
10mM;	 CaCl2	 1mM;	 Na2ATP	 2mM;	 Na-GTP	 0.4mM;	 pH	 7.2–7.3	 titrated	 with	 KOH;	
300mOsm).		
The	liquid	junction	potential	occurs	when	two	solutions	of	different	concentrations	
are	 in	 contact	with	each	other.	 The	more	 concentrated	 solution	will	 have	a	 tendency	 to	
diffuse	into	the	comparatively	less	concentrated	one.	The	rate	of	diffusion	of	each	ion	will	
be	 roughly	proportional	 to	 its	 speed	 in	an	electric	 field.	 The	 liquid	 junction	potential	 for	
internal	 and	 external	 K+	 solutions	 is	 around	 9	 mV.	 Presented	 data	 is	 not	 corrected	 for	
junction	potential.	
A	holding	potential	of	-70mV	was	set	and	transients	were	immediately	set	to	zero,	










Currents	 were	 elicited	 by	 the	 following	 voltage	 protocols,	 applied	 in	 whole-cell	
voltage-clamp	configuration	to	small	DRG	neurons	(15	-25	μM),	which	were	visually	selected	
by	size	with	a	graduate	ocular:	
Voltage	Dependence	of	Activation	Protocol:	From	a	 holding	 potential	 of	 -70mV,	
currents	 were	 evoked	 by	 a	 set	 of	 14	 command	 pulses	 from	 -80	 to	 +50mV,	 in	 10mV	











The	electrophysiology	data	was	 analysed	with	Clampfit	 10.3	 (Axon	 Instruments®)	
software,	 Microsoft	 Excel	 (Microsoft	 Office	 2013	 Professional	 Plus®),	 and	 Origin	 Pro	 8	
(Microcal	Software®).	












by	 Nernst	 equation	 (E-E-=-83mV).	 The	 conductance	 results	 were	 normalized	 to	 their	











that	move	 in	 the	membrane	 voltage	 field	 to	 cause	 the	 channel	 opening	 (Standen	 et	 al.,	
1987))	and	A4A4	and	A5A5	are	the	curve	amplitude	minimum	and	maximum,	respectively.	
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Statistical	 analysis	 was	 performed	 with	 SigmaStat	 3.5	 (Systat	 Software	 Inc®).	
Samples	 were	 compared	 with	 Mann-Whitney	 rank	 sum	 test	 (nonparametric	 test	 that	
compares	the	distributions	of	two	unmatched	groups),	when	samples	did	not	have	a	normal	
distribution	and	by	 the	parametric	 t-test.	When	pertinent,	 it	was	also	used	 the	one-way	




















sample	 buffer	 containing	 (in	 %	 w/v):	 dithiothreitol	 (DTT)	 0.77,	 Bromophenol	 Blue	 0.01,	
glycerol	5,	SDS	1.5	and	TRIS-HCl	(pH	6.8);	by	mixing	in	vortex	and	incubating	10	minutes	at	
room	temperature.	30	µg	of	total	protein	extracts	were	separated	by	7%	polyacrylamide-
SDS	 gel	 electrophoresis	 and	 electrotransferred	 to	 nitrocellulose	membrane.	 These	were	
blocked	 by	 TBS	 containing	 5%	 non-fat	 milk	 and	 0.1%	 Tween-20,	 and	 then	 incubated	
overnight	 at	 4°C	 with	 the	 following	 primary	 antibodies:	 polyclonal	 rabbit	 anti-Kv1.4	 (at	
dilution	 of	 1:1000,	 Alomone	 labs®	 APC-007),	 polyclonal	 rabbit	 anti-Kv1.3	 (at	 dilution	 of	
1:1000,	Alomone	 labs®	APC-019)	 (Ritter,	D.M.	et	 al.,	2015)	 and	as	 a	 loading	 control,	 the	
monoclonal	mouse	anti-α	tubulin	(1:2000,	Santa	Cruz®	SC	58666).	Following	washes	with	
TBS	 containing	 0.1%	 Tween-20,	 the	 blots	 were	 incubated	 for	 90	 minutes	 at	 room	






The	 intensity	 of	 the	 signals	 was	 detected	 in	 a	 Chemidoc	 Molecular	 Imager	
(Chemidoc,	 BioRad®)	 and	 densitometry	 was	 performed	 using	 the	 Image	 Lab	 software	
38	
	









The	 findings	of	 the	present	project	point	out	 for	 key	protagonists	of	neuronal	K+	






pain	 and	 mechanical	 sensitivity	 were	 monitored.	 Data	 was	 compared	 in	 three	 groups,	
regarding	neuropathic	and	inflammatory	chronic	pain:	1)	ipsilateral	(injured/operated)	CCI	





model	was	performed	as	described	 in	 the	Methods	 section	but	 the	 rats	did	not	become	
hyperglycemic	nor	did	they	exhibit	any	pain	symptom	(spontaneous	pain	and	mechanical	






Therefore,	 the	 development	 of	 spontaneous	 pain	was	 assessed	 in	 all	 neuropathic	 (CCI),	
inflammatory	 (CFA)	 and	 diabetic	 (PDN)	 pain	models.	 This	 was	 quantified	 as	 the	 vertical	











Figure	11	Counts	of	 vertical	 rearings	 in	an	open	 field	normalized	 to	 the	 last	day	of	baseline	 from	animals	with	
neuropathic	chronic	pain.	Normalized	average	of	vertical	activity	from	CCI	rats	(full	line,	black	square,	n=11),	Sham	























values	 (the	 difference	 of	 the	mean	 values	were	 not	 statistically	 significant:	 n.s.,	 p>0.05;	
Mann-Whitney	rank	sum	test).		
Following	surgery,	operated	rats	exhibited	abnormal	posture	of	the	injured	hind	paw	

















days,	 CFA	 rats	 recovered	 their	 vertical	 activity,	 surpassing	 Naïve	 and	 baseline	 values	









Another	measurement	carried	out	 through	 the	whole	extent	of	 the	development	
and	establishment	of	animal	pain	models	was	mechanical	sensitivity.	This	was	carried	out	
by	stimulating	the	ipsi-	and	contralateral	hind	paw	of	the	pain	model	and	Naïve	rats	using	
von	 Frey	 monofilaments	 (vFF)	 and	 quantifying	 withdrawal	 threshold.	 The	 mechanical	
threshold	is	defined	as	the	weakest	monofilament	(g)	that	induced	a	pain	behaviour	in	rats	
(Austin	 et	 al.	 2012).	 Mechanical	 sensitivity	 is	 a	 direct	 measurement	 of	 primary	 and	
secondary	hyperalgesia	 in	the	case	of	CCI	and	CFA	rat	models,	 respectively	 (Minett	et	al.	
2014).	
4.1.2.1. MECHANICAL	SENSITIVITY	IN	CCI	RATS	
Mechanical	 sensitivity	was	assessed	 in	CCI	and	Sham	 ipsilateral	 (injured)	 legs	and	
Naïve	 right	 (control)	 leg.	 The	 CCI	 model	 produced	 a	 sustained	 and	 stable	 pain	
hypersensitivity	for	the	whole	experimental	time-span	after	injury.		
The	contralateral	(uninjured)	legs	of	CCI	and	Sham	rats	and	left	Naïve	leg	were	also	





Figure	 13	 Sensitivity 	 to	mechanical	 stimulation	 as	 a	measure	 of	 hyperalgesia	 in 	 CCI 	 pain	models.	 The	 average	















control	 (progressing	 from	 1±0.12	 at	 last	 day	 of	 habituation	 to	 0.30±0.05).	 Such	



















Figure	 14	 Sensitivity	 to	mechanical	 stimulation	 as	 a	measure	 of	 hyperalgesia	 in	 CFA	 pain	models.	 The	 average	









value	 (1.14±0.14)	 all	 throughout	 the	 2	 weeks	 of	 the	 pain	model.	 At	 the	 last	 day	 of	 the	
experiment,	Naïve	rats	measured	a	normalized	average	of	1.14±0.00.	Looking	at	 the	CFA	
mechanical	sensitivity	in	day	3	after	the	surgery	(0.27±0.09),	there	was	a	reduction	of	about	
75%	when	compared	with	 its	baseline	values	 (1±0.07)	and	Naïve	values	of	 the	same	day	
(1.14±0.28).	Such	differences	of	the	mean	of	CFA	results	in	comparison	with	both	baseline	
and	Naïve	values	are	significantly	different	(*,	p<0.05;	t-test).		










The	 progression	 of	 mechanical	 sensitivity	 values	 throughout	 the	 experiment	
indicates	 that	 the	 rats	 did	 not	 develop	 secondary	 hyperalgesia	 in	 the	 “longer	 term”,	















exponential	 functions,	 each	describing	 either	 current	 component	 (Figure	 15;	 see	 section	
1.3.919).	 As	 aforementioned,	 currents	 are	 defined	 after	 the	 nature	 of	 the	 decay:	 a	 fast	
component	(Ifast)	and	as	a	slowly	 inactivating	component	(Islow).	 In	this	study,	 Ifast	and	Islow	




neurons	obtained	by	a	depolarizing	pulse	 (+30	mV)	applied	 from	a	holding	potential	of	 -
60mV,	 preceded	 by	 a	 prepulse	 of	 -120mV,	 as	 shown	 on	 the	 top	 inset.	 The	 dashed	 line	
represents	the	exponential	fit	for	the	Islow	component.	It	is	noticeable	a	great	Ifast	component	
in	Naïve	neurons,	which	can	also	be	fitted	by	an	exponential	function.		
As	 described	 below,	 each	 component	 has	 a	 different	 voltage	 sensitivity	 to	
inactivation.	One	can	infer	which	current	is	more	sensitive	by	applying	the	same	command	
pulse	at,	for	instance,+30mV	varying	only	the	prepulse	(top	inset,	Figure	16).	In	Figure	16	
Figure	15	K+	 total 	 current.	This 	current	 is 	an	 average	 trace	 of	all	Naïve	currents	 of 	 small	 diameter	DRG	neurons	









The	 command	 pulse	 to	 +30	 mV	 was	 preceded	 by	 a	 prepulse	 either	 	 to	 -120	 (see	 top	 insert).	 The	 consequent	






















Another	 obvious	 observation	 is	 the	 increase	 of	 the	 Islow	 in	 CCI	 neurons,	 when	
compared	with	the	Naïve	average	current.	Differently	from	Ifast,	this	alteration	in	Islow	was	
only	registered	in	CCI	neurons,	while	CFA	neurons	remain	within	the	range	of	values	found	
Figure	17	Averaged	traces	from	voltage	activated	K+ 	currents	obtained	from	Naïve,	CCI 	and	CFA	neurons. 	Currents	
were	evoked	by	a	command	pulse	+30mV,	preceded	by	a	prepulse	of	-120mV.	A.	Naïve	(left, 	n=11), 	CCI	 (middle,	
























Focusing	 now	 on	 CFA	 results	 (Figure	 17,	 light	 grey	 line),	 there	 are	 two	 main	
observations	of	crucial	importance.	The	first	one	is	that	the	Ifast	component	is	not	expressed.	
The	CFA	K+	current	decay	was	better	fitted	by	one	term	only	and	so,	contrarily	to	Naïve	and	
CCI	currents,	CFA	did	not	exhibit	a	 summation	of	 two	exponential	 functions.	The	second	







Current	 density	 represents	 the	 amount	 of	 current	 passing	 through	 a	 normalized	




























	 Naïve	 CCI	 CFA	
Ifast	 533.99±72.65	 454.77±61.73	 263.49±97.68	







The	 following	 sections	 (4.2.3.1	 and	 4.2.3.2	 )	 are	 dedicated	 to	 the	 analysis	 of	 the	
nature	 of	 the	 alterations	 in	 currents	 found	 in	 both	 models,	 which	 require	 careful	 and	
separated	analysis.	
	




















As	 mentioned,	 although	 the	 differential	 expression	 of	 Ifast	 is	 clearly	 noticeable	
between	current	traces	obtained	from	Naïve	and	CCI	rats,	there	is	no	statistical	difference	
between	Naïve	and	CCI	 current	density	of	 this	 component.	 In	 this	 regard,	 an	alternative	
method	for	measuring	Ifast	was	used	by	analyzing	the	isolated	Ifast	component	of	Naïve	and	
CCI	 currents.	 The	 currents	 of	 most	 depolarized	 voltages	 (from	 +20mv	 to	 +50mv)	 were	








Figure	19	Naive	and	CCI	isolated	Ifas t 	K+	current	density	from	+20mV	to	+50mV.	To	calculate	the	isolated	Ifas t,	the	
currents	of	most	depolarized	voltages	(from	+20mv	to	+50mv)	were	dissected	in	two	exponentials	(each	describing	









In	resume,	 in	neurons	from	CCI	rats,	 Ifast	 is	severely	reduced	and	Islow	 in	enhanced	
when	compared	to	currents	recorded	from	neurons	of	Naïve	animals	
	




















small-diameter	DRG	neurons	obtained	 from	Naïve,	CCI	and	CFA	rats.	a.	Average	current	 traces	of	 the	activation	
profiles	 for	Naïve	 (left),	CCI	 (middle)	and	CFA	 (right)	K+	 currents	of	 small-diameter	DRG	neurons	obtained	by	 the	
voltage	 protocol	 depicted	 in	 the	 top	 inset.	 b.	 The	 Boltzmann	 function	 fit	 was	 simulated	 with	 the	 average	















and	 the	 VS	 is	 10.37±1.11mV	 (n=15).	 For	 Islow,	 the	 V1/2	 is	 -0.79±2.26mV	 and	 the	 VS	 is	
12.48±2.00mV	(n=15).	




	 	 Naïve	 CCI	 CFA	
Ifast	
V1/2	 1.36±1.34mV	 2.01±1.10mV	 12.54±1.68mV	
VS	 10.37±1.11mV	 13.52±1.02mV	 12.31±1.38mV	
Islow	
V1/2	 -0.79±2.26mV	 4.04±2.20mV	 10.62±2.82mV	


























Results	 from	 current	 traces	 of	 CFA	 neurons	 show	 significantly	 more	 depolarized	





of	 about	 12mV	 in	 the	 Ifast	 component	 (Figure	 20).	 This	 finding	 indicates	 that	 rats	 with	
inflammatory	pain	display	K+	currents	that	are	sensitive	to	more	positive	transmembrane	




The	 voltage	 profile	 of	 Islow	 has	 a	 similar	 pattern	 to	 Ifast	 (Figure	 20.b,	 left,	 bottom	
panel).	V1/2	value	of	Islow	currents	of	CFA	neurons	(V1/2IslowCFA	=	10.62	±	2.82mV;	n=7)	is	more	
































Figure	 21	Voltage-Dependence	of	 Steady-State	 Inactivation:	 A.	 Representative	 current	 traces	 from	Naïve	 (left;	
n=11),	CCI	 (middle;	n=9),	and	CFA	(right;	n=7)	DRG	neurons	when	subjected	to	the	protocol	 represented	on	the	
top	inset.	From	the	holding	potential	(-70mV),	a	pre-pulse	ranging	from	-140mV	to	+10mV	is	elicited,	followed	by	
the	 command	pulse	 to	 a	 voltage	where	 full	 activation	 is	 obtained	 (+10mV). 	 B.	 Currents	normalized	 to	maximum	
value	 (𝐼/𝐼𝑚𝑎𝑥).	These	 values	were	 obtained	 at	 the	 command	pulse	 and	 plotted	 against	 the	 prepulse	 potentials.	















Table	 4	 Normalized	 Current	 measured	 at	 +10mV	 for	 Naïve,	 CCI	 and	 CFA	 K+	 currents	 of	 small	 diameter	 DRG	
neurons.	
	 Normalized	Current	Measured	at	+10mV	
	 Naïve	 CCI	 CFA	
Ifast	 0.118±0.004	 0.340±0.023	 0.157±0.090	


























resulting	 V1/2	 and	 VS	 were	 calculated	 through	 fitting	 a	 single	 Boltzmann	 function	 in	





	 	 Naïve	 CCI	 CFA	
Ifast	
V1/2		 -75.32±6.90mV	 -55.52±4.67mV	 -80.37±1.30mV	
VS		 24.07±7.05	mV	 25.78±4.36mV	 15.69±1.28mV	
Islow	
V1/2	 -86.74±1.99	mV	 -58.05±2.31mV	 -82.82±2.95mV	
VS	 16.33±1.87	mV	 17.76±2.16mV	 13.58±2.84mV	
	
The	 difference	 between	 V1/2	 values	 for	 Naïve	 and	 CCI	 for	 both	 Ifast	 and	 Islow	












	 	 Naïve	 CCI	 CFA	
Ifast	
V1/2	hyp		 -88.73±2.10mV	 -76.07±2.07mV	 -50.03±12.82	mV	
VS	hyp	 -9.17±0.87	mV	 -5.57±4.02	mV	 -55.86±28.50	mV	
V1/2	dep		 -22.21±3.57mV	 -10.25±1.50mV	 -13.91±24.57mV	
VS	dep	 -20.45±2.68mV	 -28.56±8.15mV	 -33.33±15.77mV	
	





































	 Naïve	 CCI	 Naïve	 CCI	 	





Figure	 22	 Expression	 of	 Kv1.4	 and	 Kv3.4	 proteins	 in	 DRG	 from	 CCI	 and	 Naive	 L4-L6	 DRG.	 Top:	 results	 of	 the	
assessment	 of	 Kv1.3	 and	 Kv1.4.	 α	 tubulin	 was	 used	 as	 the	 loading	 control.	 Bottom:	 quantification	 of	 the	 fold	
increase	in	protein	expression	of	Kv1.3	(left)	and	Kv1.4	(right).	Errors	and	error	bars	in	sham	are	given	in	terms	of	
S.E.M.	
Representative	 blots	 from	 the	 samples	 tested	 are	 shown	 in	 Figure	 22.	 After	
normalization	to	the	internal	loading	control	(α-tubulin,	represented	in	the	bottom	panels),	
the	following	considerations	regarding	the	results	can	be	considered:		
1. There	 is	 a	 significant	 increase	 in	 Kv1.3	 expression	 in	 L4-L6	DRG	 of	 CCI	 rats	
(1.28±0.17,	n=3)	when	compared	to	Kv1.3	expression	in	Naïve	rats	(0.65±0.15,	
n=3)	(*,	p<0.05;	t-test);	







electrophysiology	 results.	 It	 is	 expected	 to	 have	 downregulated	A-type	 Kv	 channels	 as	 a	
possible	cause	of	reduced	expression	of	Ifast	current	component.	On	the	other	hand,	these	
samples	are	of	whole	ganglia.	Knowing	Kv	channels	are	transmembrane	channels,	it	should	
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4.3.2. KV1.3	AND	KV1.4	 EXPRESSION	 IN	NAÏVE	AND	CCI	 FROM	
THE	SCIATIC	NERVE	













normalization	 to	 the	 internal	 loading	 control	 (α-tubulin),	 the	 following	 results	 regarding	
Kv1.3	and	Kv1.4	were	obtained:	
1. There	 is	a	 significant	 increase	 in	Kv1.3	 (3.11±0.17,	n=	3)	expression	 in	 sciatic	
nerve	when	compared	to	Naïve	Kv1.3	expression	(1.07±0.16,	n=3)	(*,	p<0.05;	t-
test);	
2. There	 is	 an	 apparent	 increase	 of	 Kv1.4	 expression	 in	 CCI	 sciatic	 nerve	
(0.34±0.07,	n=3)	when	compared	with	Naïve	nerves	(1.15±0.21,	n=3)	but	this	is	





















The	 work	 developed	 throughout	 the	 past	 year	 gives	 valuable	 insights	 to	 the	
physiopathology	of	chronic	pain.	Briefly,	both	pain	model	rats	exhibited	altered	behaviours	in	
comparison	 to	 their	 controls	 and	 an	 impaired	 function	 and	 expression	 of	 K+	 currents	 and	
underlying	Kv	channels	in	small-diameter	DRG	neurons.	
	











after	 surgery.	 The	 results	 also	 showed	 a	 recovery	 of	 vertical	 activity	 to	 basal	 values	
(comparable	to	naive	at	the	same	time	point)	of	Sham	rats	(operated,	non-ligated	sciatic	
nerve).	These	 results	 suggest	CCI	 rats	experienced	more	spontaneous	pain,	 compared	 to	
naïve	and	sham	ones	and	allow	to	infer	CCI	maintenance	of	spontaneous	pain	is	due	to	the	
loose	 ligations	on	 the	nerve	and	not	because	of	 the	muscle	and	skin	sutures	 (otherwise,	
Sham	rats	would	also	show	a	persisting	smaller	vertical	activity).	









Regarding	 the	 inflammatory	 chronic	 pain	 model,	 CFA	 rats	 showed	 an	 erratic	
progression	of	vertical	activity.	CFA	rats	only	presented	a	lower	average	of	vertical	activity	
(difference	not	significant)	than	Naïve	controls	at	the	third	day	after	injection.	The	following	
days	 CFA	 rats	 recovered	 their	 vertical	 activity,	 surpassing	 Naïve	 and	 baseline	 values	




Another	measurement	carried	out	 through	 the	whole	extent	of	 the	development	
and	establishment	of	animal	pain	models	was	mechanical	sensitivity.	This	was	carried	out	
by	stimulating	the	ipsi-	and	contralateral	hind	paw	of	the	pain	model	and	Naïve	rats	using	
von	 Frey	 monofilaments	 (vFF)	 with	 different	 weight	 bending	 forces	 and	 quantifying	
withdrawal	 threshold.	 Mechanical	 sensitivity	 is	 a	 direct	 measurement	 of:	 primary	






















day	 post	 injury	 is	 a	 consequence	 of	 the	 development	 of	 secondary	 hyperalgesia.	 These	
results	 are	 corroborated	 with	 consistent	 observations	 from	 other	 researchers	 in	 a	 very	
similar	inflammatory	CFA	pain	model	(Ren	&	Dubner	1999;	Borzan	et	al.	2010).	However,	as	








to	 the	 results.	 Also,	 previous	 studies	 showed	 that	 single-dose	 CFA	 injections	 are	 solely	
associated	with	transient	inflammatory	changes,	not	evolving	to	a	chronic	condition	(Ren	&	







5.1.2. WHAT	 ARE	 THE	 FUNCTIONAL	 CONSEQUENCES	 AT	 THE	
NEURONAL	 LEVEL	 OF	 THE	 OBSERVED	 HYPERALGESIC	
BEHAVIOUR?	
In	 order	 to	 access	 what	 are	 the	 consequences	 of	 the	 observed	 hyperalgesia	
phenomena,	electrophysiological	studies	were	conducted.	The	current	running	through	a	














the	 channel	density,	 i.e.	 protein	expression.	 This	way,	one	may	wonder	 if	 it	 is	 the	Kv1.3	












The	 observed	 increase	 in	 current	 density	 of	 the	 Islow	 component	 and	 the	
overexpression	of	Kv1.3	in	neurons	from	CCI	pain	model	rats	is	not	described	in	literature.	
In	 fact,	 it	 is	described	the	exact	opposite:	Kv1.3	and	 Islow	component	 is	often	reported	as	
decreased	with	pain,	either	on	electrophysiological	as	on	protein	expression	assays	(Kim,	
Choi,	Rim	&	Cho	2002;	K	Ishikawa	et	al.	1999;	Mishra	&	Narayanan	2014;	Zhang	et	al.	1997;	
Everill	 et	 al.	 2014;	 Abdulla	 &	 Smith	 2001).	 Upon	 activation,	 K+	 channels	 facilitate	 an	
extremely	 rapid	 transmembrane	 K+	 efflux	 that	 can	 influence	 action	 potential	 threshold,	
waveform	 and	 frequency.	 Because	 K+	 channel	 opening	 repolarizes	 (and	 even,	
hyperpolarizes)	the	neuronal	membrane,	this	function	can	limit	action	potential	generation	
and	 firing	 rate	 (Tsantoulas	&	McMahon	 2014).	 A	 possible	 explanation	 for	 the	 increased	
current	 density	 of	 Islow	 current	 component	 in	 CCI	 neurons	 lies	 in	 generation	 and	
accommodation	of	firing	of	action	potentials.	A	larger	K+	current	may	lead	to	a	more	rapid	
repolarization	 of	 the	 membrane	 potential,	 which	 also	 means	 the	 resting	 membrane	
potential	 is	 reached	 relatively	 fast.	 So,	 this	 increase	 in	 Islow	 should	 been	 looked	 at	 in	




frequencies	 that	 could	 lead	 to	 nerve	 firing	 failure.	 The	 increase	 of	 Islow	 may	 be	 the	
mechanism	that	allow	sustain	firing	to	persist	over	time,	typical	of	a	chronic	condition.	In	
this	 context,	 together	 with	 results	 regarding	 a	 faster	 recovery	 of	 voltage-gated	 sodium	
channels	 following	 inactivation	 (Serrão	 2015),	 one	 can	 infer	 the	 membrane	 is	 able	 to	




Ifast	 component	 is	 reduced	 in	 CCI	 pain	 model.	 Electrophysiological	 recordings	
demonstrated	that	this	reduction	in	current	density	was	not	due	to	a	change	in	the	voltage	
dependence	 of	 activation.	 Conductance	 results	 show	 no	 difference	 in	 Ifast	 current	
component	when	compared	with	Naïve	rat	neurons.	Once	again,	if	the	alteration	is	not	at	




in	small-DRG	neurons	 is	Kv1.4.	Having	a	reduction	of	 Ifast	K+	currents	 in	neurons	from	CCI	
pain	model	 rats,	 it	was	expected	 to	have	a	 reduction	 in	expression	of	Kv1.4.	Thus,	Kv1.4	










assays	must	 be	 conducted	 in	 order	 to	 access	 the	 expression	 of	 Kv1.4	 specifically	 in	 the	
membrane	 of	 L4-L6	 small-diameter	 DRG	 neurons	 through	 immunocytochemistry	 and	
plasma-membrane	enriched	Western-blot	assays.	
	








al.	 2004),	 which	 lowers	 the	 permeability	 of	 the	 membrane	 to	 K+,	 leaving	 membranes	
hyperexcitable	 to	 subsequent	 stimuli,	 permitting	 spontaneous	 depolarization	 of	 the	
membrane,	ectopic	spike	 initiation	and	increased	spontaneous	firing	of	action	potentials.	
Altogether,	these	consequences	would	contribute	to	chronic	pain	syndrome	(Kim,	Choi,	Rim	







5.1.2.2. IS	 THE	 VOLTAGE-DEPENDENCE	 OF	 ACTIVATION	 IMPAIRED	
IN	INFLAMMATORY	TRASIENT	PAIN?	


















overtime.	 Still,	 there	 are	 apparent	 neuronal	 alterations,	 hence	 differences	 in	 voltage	
sensitivity.		




voltage	 than	 Naïve	 small-diameter	 neurons	 would	 require.	 As	 there	 are	 also	 significant	

















5.1.2.3. IS	 THE	 VOLTAGE	 DEPENDENCE	 OF	 STEADY-STATE	
INACTIVATION	IMPARED	IN	NEUROPATHIC	CHRONIC	PAIN?	
Steady-state	 inactivation	 curves	 for	 K+	 currents	 were	 calculated.	 Qualitatively,	 K+	




the	 first	 Boltzmann	 fit	 that	 occurs	 at	more	 hyperpolarized	 voltages	 (hence	 termed	hyp)	
refers	to	the	Islow	current	component	and	underlying	Kv	channels	and	the	second	Boltzmann	
fit	 that	 occurs	 at	 more	 depolarized	 voltages	 (hence	 termed	 dep)	 refers	 to	 Ifast	 current	
component	and	underlying	Kv	channels	.	As	seen	before	(in	section	4.2.3)	Ifast	K+	currents	are	






activation	 and	 subsequently	 finds	 its	 most	 stable	 conformation	 upon	 a	 prolonged	
depolarization	(Dougherty	et	al.	2008).	At	depolarized	membrane	potentials,	the	voltage-
sensor	first	moves	quickly	in	order	to	interact	with	the	activation-gate	to	open	it.	Then,	if	a	
depolarization	 is	 sustained,	 the	 voltage-sensor	 slowly	 drifts	 toward	 its	 most	 stable	
conformation.	As	a	result,	it	may	encounter	favourable	strong	interactions	with	the	pore-
gate	 and	 may	 stabilize	 it	 in	 its	 non-conducting	 conformation	 (Elinder	 et	 al.	 2001).	 This	





In	 that	 context,	 results	 obtained	 from	 K+	 currents	 of	 Naïve	 neurons,	 the	 more	














associated	with	 Ifast	 current	and	underlying	Kv	channels)	 is	much	 less	pronounced.	These	
findings	corroborate	with	current	density	obtained	in	subtracted	whole-cell	currents	of	CCI	
neurons.	As	the	A-type	Kv	channels	appear	to	be	less	expressed	in	CCI	(section	4.3.1),	their	












5.1.2.4. IS	 THE	 VOLTAGE	 DEPENDENCE	 OF	 STEADY-STATE	
INACTIVATION	IMPARED	IN	INFLAMMATORY	TRANSIENT	PAIN?	
Voltage-dependence	 of	 steady-state	 inactivation	 curve	 of	 K+	 currents	 from	 CFA	
neurons	is	not	characterized	by	a	sum	of	two	Boltzmann	functions.	When	compared	with	
Naïve	curve,	it	 is	visible	the	disappearance	of	the	second	Boltzmann	fit.	This	observation,	
following	 the	 previous	 rationale,	 indicates	 that	 the	 A-type	 Kv	 channel	 sub-population	 is	
much	 less	active	than	 in	Naïve	conditions.	 In	addition,	 this	 finding	corroborates	the	poor	




5.1.3. ARE	 KV	 CHANNELS	 BEING	 RECRUITED	 FROM	 DRG	 TO	
SCIATIC	 NERVE	 AS	 CONSEQUENCE	 OF	 NERVE	
HYPEREXCITABILITY?	
Fibers	 of	 the	 same	 neurons	 conduct	 more	 slowly	 in	 the	 dorsal	 root	 than	 the	
peripheral	 nerve	 (Waddell	 et	 al.	 1989).	 Following	 axonal	 injury	 sensory	 axons	 become	
hyperexcitable,	 which	 maintains	 neuropathic	 pain	 (Han	 et	 al.,	 2000).	 The	 K+	 currents	






composition	 and	 distribution	 within	 the	 DRG	 axon	 following	 traumatic	 nerve	 injury.	 In	
contrast	to	the	soma	in	which	Kv1	channels	expression	is	reduced,	they	found	an	increased	
availability	of	Kv1	channels	and	altered	subunit	composition.	They	conclude	stating	that	this	







dynamics	may	 be	 dictating	 a	 yet	more	 relevant	 one	 at	 the	 sciatic	 nerve	which	must	 be	
followed	 in	 future	 research.	 	 These	 results	 are	 corroborated	 by	 Calvo	 et.	 al.’s	
aforementioned	findings	(Calvo	et	al.	2016).	An	hyperexcitable	axon	conducts	faster	and	has	
a	differential	Kv	expression	when	compared	with	the	soma.	


















comparison	 to	 their	 controls.	 Furthermore,	 it	 was	 observed	 an	 impaired	 function	 and	
expression	 of	 K+	 currents	 and	 underlying	 Kv	 channels	 in	 small-diameter	 DRG	 neurons	
following	such	pain	models:	
ü Inflammatory	 and	 Neuropathic	 conditions	 share	 an	 underlying	 mechanism	
regarding	the	reduction	of		Ifast;	


























• Painful	 diabetic	 neuropathy	 should	 also	 be	 restructured.	 STZ	 should	 be	
dissolved	in	the	appropriate	vehicle	and	the	duration	of	the	study	should	be	readjusted	to	
8	 weeks	 (since	 painful	 neuropathy	 is	 described	 to	 begin	 4	 weeks	 after	 diabetes	
establishment);		
• In	relation	to	Kv1.3	and	Kv1.4	expression,	it	would	be	useful	to	use	plasma-
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